Background: Recently, the pseudogene DUXAP10 was shown to be overexpressed in various human cancers and emerged as a key cancer regulator. However, the roles of DUXAP10 in hepatocellular carcinoma (HCC) tumorigenesis and progression remain uncharacterized. Methods: Comprehensive analyses were performed to investigate DUXAP10 expression patterns, potential biologic functions, and clinical significance in HCC based on the data downloaded from the Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. DUXAP10 expression levels in HCC tissue sections and cells were verified using quantitative real-time PCR analysis. DUXAP10-siRNA was used to silence DUXAP10 in the Hep3B cell line to determine the roles of DUXAP10 in HCC cell proliferation. Results: DUXAP10 was significantly overexpressed in HCC, and DUXAP10 upregulation was closely associated with poor prognoses in HCC patients. DUXAP10 knockdown decreased cell proliferation and arrested HCC cells in the G1 phase of the cell cycle. Western blot analysis showed that DUXAP10 knockdown decreased p-AKT expression in HCC cells. Conclusion: Our study demonstrates that pseudogene DUXAP10 promotes HCC cell proliferation by activating PI3K/AKT pathway and could act as a potential diagnostic and prognostic biomarker for HCC patients.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide, and there were about 466,100 new liver cancer cases and 422,100 liver cancer-related deaths in China in 2015.
1,2 Usually, HCC is not diagnosed until the later stages of disease due to the lack of noticeable symptoms and remains a leading cause of global mortality. 3, 4 Identification of novel biomarkers with good clinical significance has become urgent and could provide new insights into the mechanism of tumorigenesis and metastasis to develop better therapeutic strategies. Pseudogenes were considered to be "junk genes" for many years because of its abrogated transcription due to harbor mutations. 5 However, over the past decade, microRNAs have been demonstrated to play key roles in tumorigenesis and cancer cell metastasis, and several studies have shown that pseudogenes could serve as key regulators of tumorigenesis by functioning as competing endogenous RNAs (ceRNAs). [6] [7] [8] [9] [10] The pseudogene DUXAP10 was reported to be overexpressed in multiple cancers, and the molecular mechanisms of tumorigenesis of this pseudogene have been investigated in recent years. For instance, previous studies suggested that DUXAP10 could modulate bladder cancer cell proliferation via the PI3K/AKT/mTOR signaling pathway 11 and regulate chronic myeloid leukemia cell apoptosis through the PTEN pathway. 12 Moreover, DUXAP10 knockdown was reported to inhibit pancreatic cancer 13 and colorectal cancer 14 cell growth. In addition, high DUXAP10 expression was shown to be significantly associated with poor prognoses in patients suffering from lung, 15 gastric, 16 esophageal, 17 and ovarian cancers. 18 However, the expression patterns and potential biologic functions of DUXAP10 in HCC are still unknown. In this study, integrated analyses including data mining, receiver operating characteristic (ROC) curve analysis, summary receiver operating characteristic (SROC) curve analysis, meta-analysis, and bioinformatics analysis were performed to investigate the expression patterns and clinical significance of DUXAP10 in HCC. Moreover, in vitro cellular function assays and Western blot protein analyses were conducted to explore the roles of DUXAP10 in HCC cell proliferation.
Materials and methods

Analysis of the differentially expressed pseudogenes based on TCGA database
The RNA sequencing (RNA-Seq) count matrix and the clinical information of the HCC patients were extracted from the Cancer Genome Atlas (TCGA) portal (https:// cancergenome.nih.gov/). Gene transfer format file (Homo_sapiens.GRCh38.94.chr) was used to obtain the gene symbol for each Ensembl ID in this study. Differential expression analysis between HCC tissue samples and adjacent liver tissue samples was performed using R software with the DESeq package. The aberrantly expressed pseudogenes were screened based on the following criteria: |log 2 FC>2| and P<0.01. Kaplan-Meier curve analyses and ROC curve analyses were carried out to evaluate the prognostic and diagnostic values of these aberrantly expressed pseudogenes.
DUXAP10 expression and its diagnostic value in HCC verified using the GEO database
The microarrays that contain gene expression data of HCC tissues and adjacent normal liver tissues were searched and downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). To minimize the impact on the heterogeneity of latter analyses, microarrays based on the GPL570 platform (Affymetrix Human Genome U133 Plus 2.0 Array, HG-U133_Plus_2) were selected to extract the gene expression data.
To verify DUXAP10 expression patterns in HCC tissues, the pooled standard mean difference (SMD) with 95% confidence interval (95% CI) was calculated using a meta-analysis. Moreover, the SROC curve analysis was performed to calculate the pooled sensitivity, pooled specificity, and the area under the curve (AUC) of the SROC curve, which was used to assess the diagnostic significance of DUXAP10 in HCC.
Tissue specimens and cell culture
Tissue specimens were collected from the Department of Hepatobiliary Surgery at Beijing Tongren Hospital, and the study protocol was approved by the institutional review board of Beijing Tongren Hospital, Capital Medical University. No patients received radiotherapy, chemotherapy, biotherapy, or other treatments before surgery. Written informed consents, in accordance with the Declaration of Helsinki, were obtained from all patients.
HCC cells (BEL-7402, BEL-7404, Hep-3B, Hep-G2, Huh-7, SMMC-7721) and normal liver cells (LO-2) were obtained from the Cell Bank of Shanghai Institute of Biochemistry & Cell Biology (Shanghai, China). Dulbecco's modified Eagle's medium (Gibco BRL, USA) containing 10% fetal bovine serum (FBS, Invitrogen, USA) was used to culture all of the cell lines.
Quantitative real-time polymerase chain reaction (RT-PCR)
Total RNA was extracted from tissues and HCC cells using TRIzol (Thermo Fisher Scientific, USA), and then, cDNA was synthesized using a reverse-transcription kit (Thermo Fisher Scientific, USA). An RT-PCR instrument (Thermo Fisher Scientific, USA) was used to perform RT-PCR analysis according to the manufacturer's instructions. The relative expression of target gene was calculated by using a method of comparing Ct (2 −ΔΔCT ) values.
Cell transfection
Three siRNA sequences (si-DUXAP10-1#: 5ʹ-GAC TATGCCTTCTGAATAT-3ʹ; si-DUXAP10-2#: 5ʹ-AGTTG TTTGTTAGAATACTGGTGCT-3ʹ; si-DUXAP10-3#: 5ʹ-GGAACTTCCCAAACCTCCATGATTT-3ʹ) were designed according to the DUXAP10 cDNA sequence extracted from GeneBank. Hep3B cells were transfected with siRNA using Lipofectamine (Invitrogen, USA) according to the manufacturer's instructions. Stable DUXAP10 knockdown in the selected cells was confirmed using RT-PCR analysis. In addition, a negative control sequence (si-NC) was also designed and synthesized.
Cell viability and colony formation assays, and cell cycle analysis
The HCC cells of si-DUXAP10 and si-NC groups were seeded into 96-well plates and the cell proliferation assays were performed on days 1, 2, 3, and 4 using the Cell Counting Kit 8 assay (Dojindo, Japan) according to the manufacturer's instructions. For the colony formation assay, cells were seeded into 6-well plates, and colonies which contained over 50 cells were counted after 14 days. For cell cycle analyses, harvested cells were fixed using 75% ethanol overnight at 4°C and then incubated with RNase A for 30 mins at 37°C and stained with PI. Cell cycle analysis was performed using flow cytometry.
Western blotting
Equal amounts of protein were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Incubation with 3% non-fat milk in Tris-buffered saline by Tween-20 (TBST) at 4°C for 1 hr to block non-specific protein interactions. Next, the membranes were incubated for 2 hrs with the following primary antibodies: 1:1,000 rabbit anti-human PI3K-p110a, AKT, phospho-AKT (Ser473) (Cell Signaling, USA). Then, the membranes were incubated with fluorescent secondary antibodies. GAPDH was used as the endogenous control.
Statistical analysis
Statistical analyses were performed using the GraphPad Prism 7 software (GraphPad Software Inc., USA), Stata 15.0 software (StataCorp LLC., USA) and SPSS 22.0 software (IBM, USA) in this study. All experiments in this study were performed in triplicate and results were represented as the mean±SD. The unpaired Student's t-test or one-way analysis of variance test was used to perform comparisons among all groups.
Results
The clinical significance of DUXAP10 expression in HCC based on TCGA database
The expression data of 14,868 pseudogenes were extracted from TCGA database. According to the cutoff criteria (|log 2 FC| >2 and P<0.01), a total of 380 pseudogenes were aberrantly expressed in HCC tissues compared with adjacent liver tissues, which was found to be significant ( Figure 1A ). Subsequently, the clinical value of all 380 pseudogenes was evaluated by overall survival (OS) and ROC curve analyses to select potential target genes. The results revealed that DUXAP10 was significantly upregulated in HCC tissues ( Figure 1B) , and high DUXAP10 expression indicated poor OS in HCC patients ( Figure 1C ). Moreover, the ROC curve analysis showed that DUXAP10 had good diagnostic value (AUC=0.887, 95% CI 0.852-0.922) in HCC ( Figure 1D ).
Furthermore, we explored the relationship between DUXAP10 expression and clinicopathologic data based on the clinical data downloaded from TCGA portal. As shown in Table 1 DUXAP10 was overexpressed in HCC tissues and diagnostically useful in HCC patients based on multiple GEO datasets Six GEO datasets (GSE6764, GSE17548, GSE19665, GSE29721, GSE55092, and GSE62232) with gene expression data from 202 HCC tissues and 181 normal liver tissues were collected in this study. Details for the 6 GEO datasets are shown in Table 2 . A meta-analysis was performed to integrate the DUXAP10 expression data, which showed that the pooled SMD was 6.47 (95% CI, 3.44-9.50) using the random-effects model (Figure 2 ). This result certified that DUXAP10 was upregulated in HCC tissues compared with normal liver tissues.
The AUC values were calculated by ROC curve analyses to determine the ability of DUXAP10 to distinguish between HCC and normal liver tissues based on each the GEO dataset. The results are listed in Table 2 . Subsequently, SROC curve analysis was performed using STATA software to integrate the AUC values. As shown in Figure 3 , the pooled sensitivity, pooled specificity, and AUC of the SROC were 0.75 (95%CI, 0.61-0.85), 0.94 (95%CI, 0.89-0.97), and 0.95 (95%CI, 0.93-0.97), which indicated that DUXAP10 had good diagnostic value and might be a useful biomarker for HCC diagnoses.
DUXAP10 related-genes in HCC for gene-enrichment analysis
Next, bioinformatics analyses were performed to investigate the potential regulatory mechanisms of DUXAP10 in HCC tumorigenesis and progression. Considering that DUXAP10 is a non-protein-coding gene, which cannot directly participate in tumorigenesis, we identified the protein-coding genes whose expression was positively or negatively correlated with that of the DUXAP10 based on gene expression data downloaded from TCGA database. The two-sided Pearson correlation coefficients and the z-tests were performed using the R software based on the gene expression data from HCC tissues downloaded from TCGA database, and |Pearson correlations| >0.40 and z-test P-values <0.001 were used as cutoff criteria. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed using the clusterProfiler and pathview packages (http://bioconductor.org/biocLite.R) of the R software. As shown in Figure 4A , the DUXAP10-related genes were mainly enriched in DNA/RNA catalytic activity, ATPase GSE19665 (2010) GSE29721 (2011) GSE55092 (2014) GSE62232 (2014) Overall (I-squared = 97.2%, P=0.000) -20.9 0 20.9
Note: Weights are from random effects analysis Figure 2 Forest plot of studies evaluating the DUXAP10 expression level between hepatocellular carcinoma tissues and adjacent liver tissues. Meta-analysis was used to calculate the pooled SMD with 95% CI. Abbreviations: SMD, standard mean difference; CI, confidence interval.
activity, helicase activity, deoxyribonuclease activity, DNA binding, and nuclease activity. KEGG signaling pathways of DUXAP10-related genes were primarily enriched in factors associated with the cell cycle, RNA transport, the spliceosome, cellular senescence, and DNA replication ( Figure 4B ). We finally selected DUXAP10 for further experimental studies because this pseudogene had good diagnostic and prognostic merit and could have key regulatory roles in HCC tumorigenesis and progression according to the initial comprehensive analyses and literature review. was significantly overexpressed in HCC tissues compared with adjacent liver tissues ( Figure 5A ). Moreover, the Kaplan-Meier curve analysis showed that high DUXAP10 expression indicated poor OS in HCC patients ( Figure 5B ). However, there were no clinicopathologic characteristics of the 46 HCC patients that were closely related to the RT-PCRderived DUXAP10 expression levels, which might be due to the small sample size. In addition, DUXAP10 expression was higher in HCC cells compared with normal LO-2 liver cells ( Figure 5C ). Results of the RT-PCR analyses in our study confirmed that DUXAP10 was upregulated in HCC, and aberrantly expressed DUXAP10 was significantly associated with poor HCC patient prognoses.
DUXAP10 was upregulated in HCC tissues and HCC cell lines
The generation of DUXAP10 knockdown cell lines
Three siRNAs were transfected into Hep-3B cells using a lentiviral vector system. The transfection efficiency was evaluated using RT-PCR analyses. The siRNA (si-DUXAP 10-2#: 5ʹ-AGTTGTTTGTTAGAATACTGGTGCT-3ʹ) was demonstrated to have the highest interference efficiency ( Figure 6A ) and was used in the subsequent experiments.
The effects of DUXAP10 on proliferation and cell cycle regulation of HCC cells HCC cell proliferation was significantly inhibited in the DUXAP10 knockdown groups compared with the negative controls according to the CCK-8 assay growth curves ( Figure 6B ). Moreover, the colony formation assays revealed that HCC cells in the si-DUXAP10 groups formed fewer cell colonies compared with those of the si-NC group (Figure 6C and D) . These results demonstrated that DUXAP10 knockdown inhibited HCC cell proliferation. Flow cytometric analyses were performed to identify the effect of DUXAP10 on cell cycle regulation. The proportion of cells in the G1 phase in the si-DUXAP10 group was significantly higher than those in negative control groups ( Figure 6E and F), indicating that DUXAP10 knockdown could arrest HCC cells in the G1 phase of the cell cycle. Taken together, the in vitro cellular function experiments demonstrated that DUXAP10 downregulation could arrest HCC cells in the G1 phase of the cell cycle and inhibit HCC cell proliferation.
DUXAP10 regulates the HCC cell proliferation by activating the PI3K/AKT pathway
To explore the potential mechanisms of DUXAP10 in HCC cell growth, Western blots were used to confirm PI3K/AKT signaling pathway protein expression in HCC cells of the si-DUXAP10 and negative control groups. As shown in Figure 6G and H, p-AKT protein expression was decreased in the si-DUXAP10 groups. However, DUXAP10 knockdown rarely affected PI3K and AKT protein expression in HCC cells. The results indicated that DUXAP10 could regulate HCC cell proliferation by activating the PI3K/AKT pathway.
Discussion
By benefiting from a substantial number of expressed genes and clinical data regarding cancer patients in a public online database, many novel genes have been identified that are aberrantly expressed and have good clinical benefits in human cancers. For instance, a metaanalysis of data accessed from the GEO database showed that low TUBA4B levels were closely associated with short OS in various human cancers, which indicated that TUBA4B could be a novel prognostic biomarker for cancer patients. 19 Also, using SROC curve analyses based on information downloaded from TCGA and GEO databases, CTD-2547G23.4 was found to have good diagnostic value for HCC patients, 20 and GDF-15 was shown to have good diagnostic value for gastric cancer patients. In this study, we first identified 380 aberrantly expressed pseudogenes in HCC based on the gene expression data from TCGA portal. Then, Kaplan-Meier survival and ROC curve analyses were performed to explore novel pseudogenes that have good clinical significance in HCC for further investigations. DUXAP10 was selected because it provided good diagnostic and prognostic benefits and had unknown biologic functions in HCC according to our integrated analyses and literature review. Next, based on the DUXAP10 expression data and clinical information from 46 HCC patients, we showed that DUXAP10 was significantly overexpressed in HCC tissues and that DUXAP10 upregulation was closely related to a poor OS in HCC patients. Finally, we explored the regulatory mechanisms of DUXAP10 in HCC cell proliferation, in vitro.
Pseudogenes, as non-coding protein genes, have been long considered to be non-functional transcriptional relics of the genome. To date, only a few pseudogenes have been demonstrated to be HCC oncogenes, and the roles of most pseudogenes remain completely uncertain. In recent years, studies suggested that pseudogenes could epigenetically affect proteins expression in tumor cells through a ceRNA function, which contributes to tumorigenesis and cancer progression. For example, the pseudogene, OCT4-pg4, functions as a natural microRNA sponge, protecting the OCT4 transcript from being inhibited by miR-145, and promotes cell growth in HCC. 9 The pseudogene, INTS6P1, and its cognate gene, INTS6, exert tumor suppressive roles by competing for oncomiR-17-5p in HCC. 22 Though several studies have investigated the roles of DUXAP10 in human cancers, how DUXAP10 functions in HCC tumorigenesis and progression remain unknown. Therefore, DUXAP10-related protein-coding genes were identified in the current study to help us explore the potential regulatory roles of DUXAP10 in HCC using bioinformatics methods. The P13K/AKT signaling pathway plays a significant role in cellular activities, such as glucose metabolism, cell proliferation, cell cycle regulation, and apoptosis. Previous studies have shown that altered PI3K/AKT signaling pathway components were closely related to human cancer events. 23 AKT is a downstream PI3K molecule that can be activated by the phosphorylation of the Ser473 and Thr308 key regulatory sites. 24 Several studies have demonstrated that AKT phosphorylation activation could promote cell proliferation and invasion in human cancers. [25] [26] [27] Several studies have shown that non-coding genes, including lncRNA and miRNA, could epigenetically activate the PI3K/AKT pathway in HCC. 28 DUXAP10 has been demonstrated to modulate cancer cell proliferation and apoptosis through the PI3K/AKT 11 and PTEN pathways. 12 Also, DUXAP10 was reported to promote cancer cell growth through epigenetic p21 17 and PTEN 14 silencing, which are involved in the cell cycle regulation of cancer cells. Interestingly, the cell cycle was the most enriched pathway in the KEGG pathway enrichment analysis for DUXAP10-related protein-coding genes in our study, which indicated that DUXAP10 might regulate HCC cell growth by epigenetically affecting genes involved in the cell cycle. Therefore, we investigated the effects of DUXAP10 on the PI3K/AKT signaling pathway, which is involved in cell cycle regulation, to identify the mechanisms involved in HCC cell proliferation.
In the present study, we found that DUXAP10 downregulation significantly decreased cell proliferation and arrested HCC cells in the G1 phase of the cell cycle, and remarkably decreased p-AKT protein expression, indicating that DUXAP10 could promote HCC cell proliferation by regulating AKT phosphorylation. However, identifying the mechanism of how DUXAP10 regulates AKT phosphorylation in HCC is still not clear. According to our bioinformatics analyses and experimental results, DUXAP10 might promote AKT phosphorylation by affecting the expression of miRNAs or proteins involved in cell cycle regulation.
Several limitations of the current study should be discussed. First, this study lacked data from in vivo animal models to validate current results. Second, the upstream regulators of DUXAP10 and the regulatory roles of DUXAP10 in the downstream of PI3K/AKT signaling pathway in HCC were not explored. Without doubt, further exploration and experimental validation are needed to unravel the roles of DUXAP10 in HCC.
Conclusions
To the best of our knowledge, this is the first study focusing on the clinical significance and regulatory roles of DUXAP10 in HCC. This study showed that DUXAP10 was significantly overexpressed in HCC and that DUXAP10 upregulation was closely associated with poor prognoses in HCC patients. Moreover, we demonstrated that DUXAP10 could promote HCC cell proliferation by activating the PI3K/AKT pathway. This study identified an HCC biomarker with good diagnostic and prognostic values that could contribute to the development of pseudogene-based approaches for the treatment of HCC.
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